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a  b  s  t r  a  c  t
Perovskite  solid  solution  powders  with  (La1−xSrx)(Al1−yMgy)O3−ı composition  (shorten  as  LSAM)  were
prepared  by  a  coprecipitation  method  using  corresponding  aqueous  solutions  and ammonium  carbonate
solution.  The  freeze-dried  powders  were  heated  in  air at 1500 ◦C for 10 h,  and  subsequently  sintered  at
1400 ◦C  for  12  h  in  air. The  X-ray  diffraction  patterns  and  the  lattice  parameters  for  the compositions  of
x  = 0–0.4 at y =  0.1  and  y =  0–0.15  at x = 0.2  suggested  the  formation  of  rhombohedral  LaAlO3 solid  solution.
The  sinterability  of  LSAM  was  controlled  by  the diffusion  rate  of A site cations  and  increased  by  increasing
Sr  composition  at A  site  and  by  decreasing  Mg  composition  at B site.  The  highest  electrical  conductivity
was  measured  at the  composition  of  (La0.8Sr0.2)(Al0.9Mg0.1)O2.85 (6.79  ×  10−3 S/cm  at 600 ◦C, activation
energy  98.8  kJ/mol).  Although  the  sintered  (La0.8Sr0.2)(Al0.9Mg0.1)O2.85 electrolyte  contained  28%  porosity,erovskite
olid solution
its conductivity  was  higher  than  the  conductivity  of  dense  8 mol%  yttria-stabilized  zirconia  electrolyte.
The  conductivity  and activation  energy  of  LSAM  greatly  vary  according  to  the  concentration  of  available
oxygen  vacancy  and  the  association  of positively  charged  oxygen  vacancy  and  negatively  charged  Sr′La sites
or Mg′Al sites.  The  LSAM  composition  of  (La0.8Sr0.2)(Al0.9Mg0.1)O2.85 provided  the  perovskite  structure  of
the smaller  strain  (tolerance  factor 1.007).  This  is another  factor  for  the  highest  conductivity.
©  2014  The  Ceramic  Society  of  Japan  and  the Korean  Ceramic  Society.  Production  and  hosting  by
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y. Introduction
(La1−xSrx)(Ga1−yMgy)O3−ı perovskite structure solid solution
hows a higher oxide ion conductivity than yttria-stabilized zir-
onia (YSZ), which can be a suitable electrolyte of solid oxide
uel cell [1]. The diffusion of oxide ions through oxygen vacancy
s enhanced by doping of Sr2+ and Mg2+ ions into La3+ and Ga3+
ites, respectively. The substitution of divalent cation for trivalent
ation produces oxygen vacancy because of the charge neutrality
2SrO
La2O3−→ 2Sr′La + 2O×O + V¨O). However, Ga content of igneous rock,
n average, is only 15 ppm and Ga is an expensive element for
ndustrial applications. In our previous paper [2], perovskite solid∗ Corresponding author. Tel.: +81 99 285 8325; fax: +81 99 257 4742.
E-mail address: hirata@apc.kagoshima-u.ac.jp (Y. Hirata).
eer review under responsibility of The Ceramic Society of Japan and the Korean
eramic Society.
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olutions of (La0.6Sr0.4)(X1−yMgy)O3−ı with stable valence of A and
 site cations were synthesized for the abundant elements of X = Al,
i and Zr. Single phase perovskite solid solutions (for example,
La0.6Sr0.4)(Zr0.6Mg0.4)O2.9 or (La0.6Sr0.4)(Al0.9Mg0.1)O2.75) were
roduced for the lattice oxide ion compositions (3 − ı) < 3 upon
eating at 1000–1500 ◦C in air. The oxide systems with lattice
xide ion compositions of (3 − ı) > 3 decomposed into several
hases. (La0.6Sr0.4)(Al0.9Mg0.1)O2.75 (shorten as LSAM) with a
elative density of 99.1% showed a relatively high electrical
onductivity of 4.15 × 10−4 S/cm at 600 ◦C [2]. In this paper,
La1−xSrx)(Al1−yMgy)O3−ı perovskite solid solutions (x = 0–0.4,
 = 0–0.3) were prepared to examine the inﬂuence of substitu-
ion of A site and B site cations on its electrical conductivity in
ir at 300–800 ◦C. The measured results indicate that (1) the sin-
erability of LSAM solid solutions is controlled by the diffusion
ate of A site cations, (2) a long heating at a high tempera-
ure is needed to prepare dense LSAM because of the relatively
ow diffusion rates of La3+ and Sr2+ ions in LSAM, and (3) the
ighest electrical conductivity and the lowest activation energy
re achieved at the compositions of x = 0.2 and y = 0.1. Although
La0.8Sr0.2)(Al0.9Mg0.1)O2.85 electrolyte sintered at 1400 ◦C for 12 h
ontained 28% porosity, its conductivity was higher than the
onductivity of dense 8 mol% YSZ used widely as an oxide ion elec-
rolyte for solid oxide fuel cell and oxygen gas sensor. This paper
Y. Hirata et al. / Journal of Asian Ceramic Societies 2 (2014) 176–184 177
α, 2θ
F
s
i
r
s
t
i
2
y
b
t
(
M
r
s
c
1
w
J
p
p
b
d
1
b
o
e
w
h
s
w
t
L
b
T
3
3
(
a
t
α, 2θ
Fig. 2. X-ray diffraction patterns of LSAM with (La0.8Sr0.2)(Al1−yMgy)O3−ı compo-
sition (y = 0–0.3) after two step heating: 1st heating at 1500 ◦C for 10 h in LSAM
powder preparation and subsequent heating of 1400 ◦C for 12 h for sintering.
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cig. 1. X-ray diffraction patterns of (a) LaAlO3 and (La1−xSrx)(Al0.9Mg0.1)O3−ı solid
olution with (b) x = 0, (c) x = 0.1, (d) x = 0.2, (e) x = 0.3 and (f) x = 0.4, heated at 1500 ◦C
n  air.
eports a detailed study of powder preparation, sintering behavior,
intered microstructures, lattice parameter, and electrical conduc-
ivity for (La1−xSrx)(Al1−yMgy)O3−ı system as an alternative oxide
on conductor.
. Experimental procedure
LSAM solid solution powders with x = 0–0.4 at y = 0.1 and
 = 0–0.3 at x = 0.2 in (La1−xSrx)(Al1−yMgy)O3−ı were prepared
y heating the precursor precipitate [2–4]. Aqueous solu-
ions (0.2 M)  of La(NO3)3·6H2O (purity > 99.9 mass%), Sr(NO3)2
purity > 98 mass%), Al(NO3)3·9H2O (purity > 99.9 mass%) and
g(NO3)2·6H2O (purity > 99 mass%) were mixed at the molar
atios of La/Sr/Al/Mg = (1 − x)/x/(1 − y)/y. The mixed metal aqueous
olution was added into a stirred 0.2 M (NH4)2CO3 solution to form
arbonate coprecipitate. The freeze-dried powder was  heated at
500 ◦C for 10 h in air. The phases produced in heated powders
ere identiﬁed by X-ray diffraction (RINT 2200, Rigaku Co. Ltd.,
apan). The lattice parameter of heated LSAM powder with high
urity Si as an internal standard was measured. The heated LSAM
owders were compacted by uniaxial pressing at 49 MPa, followed
y cold isostatic pressing at 294 MPa  to a disk with sizes of 10 mm
iameter and 2 mm thickness. The compacts were sintered at
400 ◦C for 12 h in air and the sintered densities were measured
y the Archimedes method using kerosene. The microstructures
f surface of sintered compacts were observed by a scanning
lectron microscope (SM-300, Topcon Co., Tokyo, Japan). Au paste
as spread homogeneously on the surfaces of sintered LSAM and
eated at 850 ◦C for 2 h to achieve an ohmic contact between the
intered LSAM sample and electrode. Furthermore, two Pt plates
ith Pt wires were attached to the Au electrodes to measure
he AC impedance of LSAM sample. The electrical conductivity of
SAM was measured in the temperature range from 300 to 800 ◦C
y a two-terminal AC bridge at 100 Hz–2 MHz (E4980A, Agilent
echnologies Inc., USA).
. Results and discussion
.1. Formation of LSAM solid solutionFig. 1 shows the X-ray diffraction patterns of LaAlO3 plus
La1−xSrx)(Al0.9Mg0.1)O3−ı (x = 0–0.4) heated at 1500 ◦C for 10 h in
ir. All the diffraction patterns of LaAlO3 and LSAM were referred
o a rhombohedral structure (ICCD card, No. 85-1071). Some
(
l
mig. 3. (a) Lattice parameters for LSAM with (La1−xSrx)(Al0.9Mg0.1)O3−ı composition
n  Fig. 1 and (b) calculated density and measured apparent density for LSAM sintered
t  1400 ◦C for 12 h.
nknown small peaks were recognized but they were not from
he diffraction patterns of La2O3, SrO, Al2O3, MgO or MgAl2O4. The
bove result suggests that the combination of carbonate coprecip-
tation method and freeze drying for the precursor metal solutions
s effective to prepare LSAM solid solution. Fig. 2 shows the X-ray
iffraction patterns for LSAM with (La0.8Sr0.2)(Al1−yMgy)O3−ı com-
osition (y = 0–0.3) after two-step heating: 1st heating of 1500 ◦C
or 10 h in LSAM powder preparation and subsequent 2nd heat-
ng of 1400 ◦C for 12 h for LSAM sintering. It was  possible to index
ll the diffraction peaks as a rhombohedral structure. As seen in
ig. 2(f), some unknown small peaks were also recognized at the
omposition of y = 0.3. These unknown small peaks appeared at the
ther compositions after the 1st heating but they disappeared by
urther 2nd heating. This result indicates that a long heating at
 high temperature is needed to achieve a complete LSAM solid
olution because of the relatively low diffusion coefﬁcients of the
onstitutive atoms.
Fig. 3 shows (a) the lattice parameters for LSAM with
La1−xSrx)(Al0.9Mg0.1)O3−ı composition in Fig. 1 and (b) the calcu-
ated density using the lattice parameter and the apparent density
easured by the Archimedes method for the LSAM sintered at
1  Ceramic Societies 2 (2014) 176–184
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400 ◦C for 12 h. The lattice parameter in Fig. 3(a) increased non-
inearly with increasing Sr content. The change in the lattice
arameter in Fig. 3(a) is explained by the difference of ionic radii
f La3+ (0.136 nm of ionic radius for coordination number 12),
r2+ (0.144 nm of ionic radius for coordination number 12), O2−
0.140 nm of ionic radius for coordination number 6) [5] and oxy-
en vacancy (ionic radius: 0.1164 nm for rare earth-doped ceria and
.0993 nm for rare earth-stabilized zirconia for coordination num-
er 4) [6]. The ionic radius of oxygen vacancy in LaAlO3 perovskite
olid solution is discussed in Section 3.5 and Appendix A. The sub-
titution of larger Sr2+ ions for smaller La3+ ions is accompanied by
he formation of oxygen vacancy to maintain the charge neutral-
ty. The size of oxygen vacancy is reported to be smaller than the
ize of oxide ion [6]. The calculated radius of oxygen vacancy in
erovskite structure showed a difference between A site substitu-
ion and B site substitution, and was larger for A site substitution
0.1072 nm)  than for B site substitution (0.0443 nm). The above size
elations at A site and oxide ion lattice site result in the measured
hange of lattice parameter in Fig. 3(a). According to our previous
xperiment [2], the formation of single phase LSAM solid solution
as also recognized at x = 0.4 composition, indicating that Sr2+ ions
an be substituted for La3+ ions in the wide range of composi-
ion of A site. This result is due to the similar sizes of La3+ and
r2+ ions. Nguyen et al. also reported that the lattice parameter
f (La1−xSrx)AlO3−ı (x = 0–0.2) assigned as a hexagonal structure
xpands linearly with increasing x value [7]. The measured appar-
nt density of LSAM containing closed pores in Fig. 3(b) was close to
he calculated true density, suggesting that little closed pores were
ormed in the sintered LSAM solid solution. The ratios (0.93–0.95)
f apparent density (containing closed pores) to true density were
ndependent of x value. The lattice parameter of LaAlO3 was slightly
maller than that of La(Al0.9Mg0.1)O2.95. Substitution of Mg2+ ions
0.072 nm of ionic radius for coordination number 6) for Al3+ ions
0.0535 nm of ionic radius for coordination number 6) at B site
auses the increase of lattice parameter. The formation of oxygen
acancy is also accompanied by the substitution of Mg2+ ions for
l3+ ions and decreases the lattice parameter because of the size
elationship of oxygen vacancy and oxide ion. The experimental
esult suggests that the overall effects of B site cations and oxide
on lattice site provide little change of lattice parameters between
aAlO3 and La(Al0.9Mg0.1)O2.95.
Fig. 4 shows (a) the lattice parameters for LSAM with
La0.8Sr0.2)(Al1−yMgy)O3−ı composition in Fig. 2 and (b) the calcu-
◦ated and measured apparent densities for LSAM sintered at 1400 C
or 12 h. The lattice parameter of (La0.8Sr0.2)(Al1−yMgy)O3−ı
ncreased linearly with y value and reached a constant value of
.5369 nm at y = 0.15, indicating the solubility of Mg2+ ions into Al
3
(
Fig. 5. Microstructures of LaAlO3 (a) and (La1−xSrig. 4. (a) Lattice parameters for LSAM with (La0.8Sr0.2)(Al1−yMgy)O3−ı composition
n  Fig. 2 and (b) calculated density and measured apparent density for LSAM sintered
t  1400 ◦C for 12 h.
ite. Although no second phase was detected at y = 0.2 composi-
ion in Fig. 2, the result in Fig. 4(a) suggests that a small amount
f excess MgO  may  form the unknown phase below the amount of
etection limit by X-ray diffraction. As compared with the substi-
ution at A site with Sr2+ ions for La3+ ions, the solubility of Mg2+
ons substituted at B site was  small. This result is due to the rel-
tively large difference of sizes between Mg2+ ions (ionic radius
.072 nm of ionic radius for coordination number 6) and Al3+ ions
ionic radius 0.0535 nm of ionic radius for coordination number
). The change of calculated density with y value was  small and
 similar tendency was also measured for the apparent density.
t is noted that the solubility limit of Mg2+ ions was y = 0.15 and
he true densities by X-ray diffraction at y = 0.2 and y = 0.3 com-
ositions were approximated as a single phase solid solution. The
ifference of composition dependence of measured apparent den-
ity on x (Fig. 3) and y values (Fig. 4) is explained by the difference
f atomic weights of metals at A and B sites under the same condi-
ion for the formation of oxygen vacancy. The larger difference of
tomic weights at A site (La: 138.905, Sr: 87.621) causes the signiﬁ-
ant change in the density (Fig. 3). However, the smaller difference
f atomic weights for Al (29.981) and Mg  (24.305) at B site provides
he small change in the density (Fig. 4)..2. Microstructures of sintered LSAM
Fig. 5 shows the microstructures of LaAlO3 and
La1−xSrx)(Al0.9Mg0.1)O3−ı sintered at 1400 ◦C for 12 h in air.
x)(Al0.9Mg0.1)O3−ı (b–f) sintered at 1400 ◦C.
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sig. 6. Composition dependence of relative density of (La1−xSrx)(Al0.9Mg0.1)O3−ı and
La0.8Sr0.2)(Al1−yMgy)O3−ı sintered at 1400 ◦C for 12 h in air.
he microstructures of LaAlO3 and (La1−xSrx)(Al0.9Mg0.1)O3−ı
onsisted of equiaxis grains and the average grain size was  not
ffected by the Sr composition. The ratios of measured bulk
ensity (including closed and open pores) to the calculated true
ensity for the observed microstructures were plotted in Fig. 6,
nd 53.4%, 57.2%, 59.2%, 66.1% and 90.0% for LaAlO3 and LSAM at
 = 0.1, 0.2, 0.3 and 0.4, respectively. The relative density at the
omposition x = 0.4 after sintering at 1500 ◦C for 12 h was 99.1% in
ur previous paper [2]. As seen in Fig. 6, the sinterability of LSAM
epends greatly on the A site composition and increases above 0.3
f x value. The substitution of slightly larger Sr2+ ions for slightly
maller La3+ ions increases the unit cell size (Fig. 3) and enhances
he migration rate of A site cations during heating, which control
he sintering rate.
Fig. 7 shows the microstructures of (La0.8Sr0.2)(Al1−yMgy)O3−ı
intered at 1400 ◦C for 12 h in air. The ratios of measured bulk den-
ity (including closed and open pores) to the calculated true density
or the microstructures in Fig. 7 were also plotted in Fig. 6, and
5.9%, 73.8%, 71.8%, 70.5%, 66.8% and 58.4% for y = 0, 0.05, 0.1, 0.15,
.2 and 0.3 in (La0.8Sr0.2)(Al1−yMgy)O3−ı, respectively. As seen in
ig. 6, the substitution of larger Mg2+ ions for smaller Al3+ ions
t B site showed a maximum of relative density at y = 0.05 com-
osition, and caused a decrease in the sinterability at a higher
 value. The observed microstructures reﬂect well the change in
he bulk density. Little grain growth was measured in the porous
icrostructures below 70% relative density at y = 0, 0.2 and 0.3 com-
ositions. The microstructures became denser at y = 0.05, 0.1 and
.15 compositions with relative density of 70–74%. The bulk den-
ity with B site substitution in Fig. 6 is an opposite tendency against
he density change with A site substitution. The above two types
W
d
(
t
Fig. 7. Microstructures of (La0.8Sr0.2)(Alic Societies 2 (2014) 176–184 179
f trend of density in Fig. 6 are interpreted that the diffusion of A
ite cations, which controls the sintering rate of LSAM solid solu-
ion, is suppressed owing to the increased volume of B site upon
he substitution of larger Mg2+ ions for smaller Al3+ ions. That is,
he sinterability of LSAM solid solution is increased by increasing
he Sr composition at A site and by decreasing the Mg  composition
t B site.
.3. Electrical conductivity of (La1−xSrx)(Al0.9Mg0.1)O3−ı
Although the present LSAM solid solutions were not a dense
aterial as seen in Fig. 6, the measured conductivities were com-
arable to the conductivity of dense CSZ (calcia-stabilized zirconia)
r YSZ electrolyte. This section focusses on the characteristics
f electrical conductivity of porous LSAM electrolyte. When a
ense LSAM solid solution was prepared by hot-pressing, more
etailed results may  be discussed in a future paper. Fig. 8 shows
he complex impedance plots at (a) x = 0.1, (b) x = 0.2, (c) x = 0.3
nd (d) x = 0.4 for (La1−xSrx)(Al0.9Mg0.1)O3−ı in air at 400 ◦C. The
mpedance plot expresses a distorted semicircle which is related
o the multi-relaxation of migration of oxide ions. The degree of
ulti-relaxation was  evaluated by the angle  is shown in Fig. 8. The
emicircle at the high frequency range (R1) and the low frequency
ange (R2) may  represent the bulk and gain boundary resistance,
espectively. Fig. 9 shows the inﬂuence of x value on (a) angle 
nd (b) the ratio of grain boundary resistance (R2) to total resis-
ance (bulk resistance (R1) plus grain boundary resistance (R2)). The
ngle  at x = 0–0.3 was  almost constant at 400–600 ◦C but the angle
 at x = 0.4 became larger. The standard deviation of grain size dis-
ribution was  0.33–0.47 m at x = 0–0.3 but increased to 0.64 m
t x = 0.4. The larger angle  at x = 0.4 may  result from the larger
tandard deviation of grain size. The grain boundary resistance
R2) dominates the sample resistance at 400 ◦C. On the other hand,
he fraction of grain boundary resistance (R2) at 600 ◦C showed a
inimum value at x = 0.2. This result is related to the composition
ependence of the conductivity in Fig. 10.
Fig. 10 shows the Arrhenius plots of total electrical conductiv-
ties of (La1−xSrx)(Al0.9Mg0.1)O3−ı (x = 0–0.4), LaAlO3 and related
xide ion conductors [1,2,8–10]. The conductivity of LaAlO3 was
ow because of no formation of oxygen vacancy. The conductiv-
ty of LSAM showed the highest value at x = 0.2 (1.86 × 10−3 S/cm
t 600 ◦C). This value was  higher than that of 15 mol% calcia-
tabilized zirconia (CSZ) and was  close to that of 8 mol% YSZ.
hen the composition x was increased to x = 0.3 and 0.4, the con-
uctivity of LSAM decreased. The electrical conductivity of dense
La0.6Sr0.4)(Al0.9Mg0.1)O3−ı (99.1% of relative density) is also plot-
ed in Fig. 10 [2]. The conductivity (4.15 × 10−4 S/cm at 600 ◦C)
1−yMgy)O3−ı sintered at 1400 ◦C.
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Fig. 8. Complex impedance plots of (La1−xSrx)(Al0.9Mg0.1)O3−
f dense LSAM at x = 0.4 was higher than that of porous LSAM of
0.0% of relative density (0.95 × 10−4 S/cm at 600 ◦C). It is noted
hat the conductivity of porous LSAM at x = 0.2 is still higher than
hat of dense LSAM at x = 0.4. In Fig. 10, the electrical conductiv-
ties of LaAlO3 and (La0.9Sr0.1)(Al0.9Mg0.1)O2.9 (relative densities
ere not shown) measured by Chen et al. [10] are also plotted
y dotted lines. Their data for the samples sintered at 1600 ◦C
or 3 h were slightly higher than the present conductivities. As
een in Fig. 10, the Arrehenius plots of the conductivities at
 = 0, 0.2, 0.3 and 0.4 were expressed by one straight line but
he composition of x = 0.1 provided the bent of the Arrhenius
lot at 500 ◦C. Schneider et al. [11] and Inaba et al. [12] have
eported a phase transition of LaAlO3 from rhombohedral to cubic
hase at 440 and 527 ◦C, respectively, with increasing temperature.
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 (a) x = 0.1, (b) x = 0.2, (c) x = 0.3 and (d) x = 0.4 in air at 400 ◦C.
 similar phase transition in (La0.9Sr0.1)(Ga0.8Mg0.2)O2.85 is also
bserved at 700 ◦C in Fig. 10. However, no bent of the Arrhenius
lot for the present LaAlO3 was  measured in the wide tempera-
ure range of 300–800 ◦C. The above measured result is discussed
ore in Section 3.4. The activation energy of the electrical con-
uctivity was 103.0, 153.7, 101.9, 113.3 and 104.4 kJ/mol for
aAlO3, x = 0, x = 0.2, x = 0.3 and x = 0.4 of LSAM, respectively. The
ctivation energy of LSAM at x = 0.1 composition was  113.8 and
59.3 kJ/mol in the high and low temperature range, respectively.
he above results are summarized as follows: (1) the activation
nergy was comparable (102–113 kJ/mol) in the wide composition
ange of LSAM including the high temperature range at x = 0.1 com-
osition, and (2) a relative high activation energy (154–159 kJ/mol)
as measured at x = 0 and in the low temperature range at x = 0.1
omposition. The activation energy of dense LSAM at x = 0.4 in Ref.
2] is 113.4 kJ/mol and close to that of porous LSAM at x = 0.4 in
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dig. 11. Arrhenius plots of bulk and grain boundary conductivities of
La1−xSrx)(Al0.9Mg0.1)O3−ı solid solution.
his study. The activation energy of LSAM with the highest conduc-
ivity at x = 0.2 is higher than that of (La0.8Sr0.2)(Ga0.8Mg0.2)O2.80
54 kJ/mol) [1] or Ce0.8Gd0.2O1.9 (79 kJ/mol) [9] but is comparable
o that of 8 mol% YSZ (96 kJ/mol) [8] or 15 mol% CSZ (114 kJ/mol)
8].
.4. Bulk conductivity and grain boundary conductivity of
La1−xSrx)(Al0.9Mg0.1)O3−ı
In our previous paper, the thickness of grain boundary for Gd-
oped ceria was estimated to be 2–7 nm for the microstructures
ith average grain sizes of 0.29–5.6 m [13]. In this paper, the
rain boundary conductivity of LSAM was calculated under the
ssumption of 3 nm of grain boundary thickness at a given aver-
ge grain size (Fig. 5). Fig. 11 shows the Arrhenius plots of bulk
nd grain boundary conductivities of LSAM. The bulk conductivity
as 100–1000 times as high as the grain boundary conductivity.
he bulk conductivity showed a bent at 500–550 ◦C but the Arrhe-
ius plot of the grain boundary conductivity was  represented by
ne straight line. This result may  suggest that the bent in the bulk
onductivity is related to the structure change from rhombohe-
ral (low temperature range) to cubic structure (high temperature
ange). The experimental conﬁrmation of the high temperature
tructure of LSAM is to be studied in near future. The bulk conduc-
ivity, grain boundary conductivity and their activation energies are
ummarized in Fig. 12. The interesting result is that both the bulk
nd grain boundary conductivities showed a maximum at x = 0.2
n (La1−xSrx)(Al0.9Mg0.1)O3−ı. The ﬂux of oxide ions across grain
oundary may  be strongly affected by the ﬂux of oxide ions within
ulk. The gradual increase of the bulk conductivity at x = 0–0.2 is
aused by the increased concentration of oxygen vacancy with
ubstitution of Sr2+ ions for La3+ ions. The decrease of the bulk con-
uctivity at x > 0.2 may  result from the strong interaction between
oo many positively charged oxygen vacancy and too many nega-
ively charged Sr′La sites, which suppresses the migration of oxide
ons through oxygen vacancy.
The composition dependence of both the activation energies
howed an opposite tendency against the composition dependence
f the bulk conductivity. That is, the composition of x = 0.2 of LSAM
rovides the highest conductivity and the lowest activation energy.
ark and Choi [14] report the electrical conductivity and activation
nergy of bulk conductivity for (La0.9Sr0.1)(Al0.9Mg0.1)O2.9. Their
1
0
sig. 12. (a) Activation energy and (b) electrical conductivity of bulk and grain
oundary conduction of (La1−xSrx)(Al0.9Mg0.1)O3−ı solid solution.
ulk conductivity at 600 ◦C is 1.26 × 10−3 S/cm and comparable to
he value of 1.47 × 10−3 S/cm in this experiment. The activation
nergy reported by Park and Choi is 100.3 kJ/mol at 400–600 ◦C and
5.3 kJ/mol at 600–800 ◦C, respectively. These values are similar to
he activation energy in Fig. 12.
.5. Electrical conductivity of (La0.8Sr0.2)(Al1−yMgy)O3−ı
Since the inﬂuence of A site composition on the con-
uctivity of LSAM sold solution was high at x = 0.2 com-
osition in Fig. 10, the effect of B site composition on
he conductivity was examined under the ﬁxed composition
f x = 0.2 of A site. Fig. 13 shows the complex impedance
lots at (a) y = 0, (b) y = 0.05, (c) y = 0.15 and (d) y = 0.20 for
La0.8Sr0.2)(Al1−yMgy)O3−ı in air at 600 ◦C. The impedance plots
ere similar to those for (La1−xSrx)(Al0.9Mg0.1)O3−ı in Fig. 8
nd consisted of two semicircles. The grain boundary resistance
epresented by the semicircle in the low frequency range (R2)
ominated the total resistance (R1 + R2) at all the compositions.
ig. 14 shows the Arrhenius plots of electrical conductivity for
La0.8Sr0.2)(Al1−yMgy)O3−ı. The conductivity increased with an
ncrease in y value up to 0.10 but showed a similar lower value
t y = 0.15, 0.20 and 0.30. The composition dependence of con-
uctivity in Figs. 10 and 14 indicates that LSAM solid solution
f (La0.8Sr0.2)(Al0.9Mg0.1)O3−ı composition possesses the highest
lectrical conductivity. As seen in Fig. 14, the conductivities of
resent LSAM at y = 0–0.1 are comparable to the conductivity of
 mol% YSZ [8] and lower than the conductivity of Ce0.8Gd0.2O1.9
9] or (La0.8Sr0.2)(Ga0.8Mg0.2)O3−ı [1]. It is noted that the present
SAM at y = 0.1 possesses a higher conductivity of 6.79 × 10−3 S/cm
t 600 ◦C than dense (La0.9Sr0.1)(Al0.97Mg0.03)O3−ı (95% relative
ensity, 1.56 × 10−3 S/cm at 600 ◦C) in Ref. [15].
The apparent activation energy of electrical conductivity was
01.8, 94.4, 98.8, 118.9, 141.4 and 143.0 kJ/mol at y = 0, 0.05, 0.10,
.15, 0.20 and 0.30 in (La0.8Sr0.2)(Al1−yMgy)O3−ı, respectively. The
mall y values of y = 0–0.10 gave the low apparent activation energy
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ut an increase in y value to 0.15–0.30 resulted in the higher activa-
ion energy. The increase in the concentration of oxygen vacancy
nd the increased volume of B site (Figs. 4 and 6) with increas-
ng y value affect the diffusion of oxide ions through the vacancy
echanism. Fig. 15 shows (a) the conductivity and (b) the apparent
ctivation energy at 600 ◦C for LSAM solid solutions as a function
f oxide ion composition (3 − ı). The conductivity with x compo-
ition at A site and with y composition at B site showed a similar
aximum value at the oxide ion composition of 3 − ı = 2.85. The
ncrease of the conductivity in the range of 3 − ı = 2.95–2.85 reﬂects
he increased concentration of available oxygen vacancy for the
iffusion of oxide ions. The decreased conductivity in the range
f 3 − ı = 2.85–2.75 may  be related to the strong association of
oo many positively charged oxygen vacancy and too many neg-
tively charged Sr′La sites or Mg
′
Al sites, because the concentrations
f these defects increase with x or y value. An interesting result
s the opposite tendency of the activation energy with oxide ion
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ig. 14. Arrhenius plots of electrical conductivities of (La0.8Sr0.2)(Al1−yMgy)O3−ı
olid solution and related oxide ion conductors in air.
F
o−ı with (a) y = 0, (b) y = 0.05, (c) y = 0.15 and (d) y = 0.2.
omposition. Both the activation energies dropped at the compo-
ition of 3 − ı = 2.85 where the conductivity became a maximum.
The conductivity and activation energy shown in Fig. 15 also
nclude the inﬂuence of structural strain with the formation of
SAM solid solution. The structural deviation from an ideal cubic
tructure in perovskite oxide is expressed by Eq. (1) (tolerance
actor)80 
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here rA is the ionic radius of A site cation, rB is the ionic radius
f B site cation and rO is the ionic radius of oxide ion. As the tol-
rance factor decreases, the structure of unit cell changes from
ubic to rhombohedral structure. The t value by Eq. (1) for present
La1−xSrx)(Al1−yMgy)O3−ı perovskite solid solution was calculated
sing the following average ionic radii:
A (coordination number 12) = (1 − x)rLa3+ (0.136 nm)
+ xrSr2+ (0.144 nm) (2)
B (coordination number 6) = (1 − y)rAl3+ (0.0535 nm)
+ yrMg2+ (0.072 nm) (3)
O (coordination number 6) =
[
(3 − ı)/3
]
rO2− (0.140 nm)
+
[
ı/3
]
rV¨O (0.1072 nm) (4)
Fig. 16 shows the relationship between tolerance factor and
xide ion composition for LSAM solid solution using 0.1072 nm
f ionic radius of oxygen vacancy for A site substitution (see
ppendix A for the size of oxygen vacancy). The t values for
La1−xSrx)(Al0.9Mg0.1)O3−ı and (La0.8Sr0.2)(Al1−yMgy)O3−ı show an
pposite tendency as the oxide ion composition increases. The
wo lines cross at 3 − ı = 2.85 where t value becomes 1.007. This
ross point corresponds at x = 0.2 and y = 0.1. That is, the forma-
ion of perovskite solid solution with the smaller structural strain is
nother factor for the highest electrical conductivity and the lowest
ctivation energy as shown in Fig. 15.
. Summary
Perovskite solid solution (La1−xSrx)(Al1−yMgy)O3−ı composi-
ions (x = 0–0.4 and y = 0–0.3, shortened as LSAM) were produced
rom the freeze-dried precursor carbonate coprecipitate by heat-
ng at 1500 ◦C for 10 h and subsequent sintering at 1400 ◦C for 12 h
n air. The produced LSAM solid solutions inherited the mother
tructure of rhombohedral LaAlO3. The change of lattice parame-
er with x or y value suggests the formation of solid solution in the
ange of x = 0–0.4 at y = 0.1 and in the range of y = 0–0.15 at x = 0.2.
he sinterability of LSAM was dominated by the composition of A
ite cations and increased above 0.3 of x value. The substitution of
lightly larger Sr2+ ions for slightly smaller La3+ ions increases the
nit cell size and enhances the migration rate of A site cations dur-
ng heating. However, the diffusion of A site cations is suppressed
i
a
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wing to the increased volume of B site upon the substitution of
arger Mg2+ ions for smaller Al3+ ions. That is, the sinterability of
SAM solid solution is increased by increasing the Sr composition
t A site and by decreasing the Mg  composition at B site. The elec-
rical conductivity of the present porous LSAM solid solutions with
6–42% porosity was  dominated by the grain boundary resistance.
he conductivity with x composition at A site and with y com-
osition at B site showed a similar maximum value at the oxide
on composition of 3 − ı = 2.85 ((La0.8Sr0.2)(Al0.9Mg0.1)O2.85). This
esult reﬂects the effects of three factors: concentration of available
xygen vacancy, association of positively charged oxygen vacancy
nd negatively charged Sr′La sites or Mg
′
Al sites and structural strain
f solid solution. Both the activation energies with A site substitu-
ion and B site substitution decreased at the oxide ion composition
f 3 − ı = 2.85. This composition provided the perovskite structure
f the smaller strain (tolerance factor of 1.007). The conductivity of
La0.8Sr0.2)(Al0.9Mg0.1)O2.85 with 72% relative density was  higher
han that of dense 8 mol% YSZ electrolyte.
ppendix A. Size of oxygen vacancy
The size of oxygen vacancy in rare earth-doped ceria and
are earth-stabilized zirconia was  calculated to be 0.1164 and
.0993 nm,  respectively, by Hong and Virkar [6]. The lattice param-
ter, aC, of cubic perovskite (ABO3) is related to the radii of A site
ation (rA), B site cation (rB) and oxide ion (rO) by Eqs. (A1) and
A2):
 site
√
2aC = 2rA + 2rO (A1)
 site aC = 2rB + 2rO (A2)
The prepared (La1−xSrx)(Al1−yMgy)O3−ı perovskite solid solu-
ions (LSAM) were identiﬁed as rhombohedral structure. The lattice
arameter of rhombohedral, aR, is equal to
√
2aC. The effective radii
f cation and anion are determined by Eqs. (A3)–(A5) for LSAM:
A = (1 − x)rLa + xrSr (A3)
B = (1 − y)rAl + yrMg (A4)
O =
(3 − 0.5(x + y))
3
rO +
0.5(x + y)
3
rVO (A5)
Therefore the lattice parameter of perovskite LSAM is expressed
y Eqs. (A6) and (A7) for A site substitution and B site substitution,
espectively.
A site substitution
2aC = 2 [(1 − x)rLa + xrSr] + 2
[{
1 − 1
6
(x + y)
}
rO +
1
6
(x + y)rVO
]
(A6)
B site substitution
C = 2
[
(1 − y)rAl + yrMg
]
+ 2
[{
1 − 1
6
(x + y)
}
rO +
1
6
(x + y)rVO
]
(A7)
The lattice parameter
√
2aC of LaAlO3 (x = y = 0) was calculated
y Eqs. (A6) and (A7) using ionic radii of La3+ (0.144 nm,  coordi-
ation number 12), Al3+ (0.0535 nm,  coordination number 6) and
2− (0.140 nm,  coordination number 6) to be 0.5520 nm for A site
nd 0.5473 nm for B site. The following multiplication factor, f, was
ntroduced to explain the measured lattice parameter of LaAlO3,
R = 0.5357 nm of ICDD card, No. 85-1071:
-site fA =
0.5357
0.5520
= 0.97047 (A8)
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Fig. A1 shows the relationship between the measured lat-
ice parameter and x in (La1−xSrx)(Al0.9Mg0.1)O3−ı or y in
La0.8Sr0.2)(Al1−yMgy)O3−ı. The slope and intercept of line (a) cor-
espond to fA (−2rLa + 2rSr − rO/3 + rVO/3) and fA (2rLa + 2rO −
rO/3 + yrVO/3), respectively. The ionic radius of oxygen vacancy
as calculated to be 0.1072 and 0.1729 nm from the slope andntercept of line (a). A similar relation was applied to line (b). The
onic radius of oxygen vacancy was calculated to be 0.0443 and
.1415 nm from the slope and intercept, respectively. The size of
xygen vacancy in Ref. [6] was determined from the slope of the
[
[
[
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pproximated straight lines. The above calculation suggests that
he size of oxygen vacancy with A site substitution is different from
hat with B site substitution. A site substitution provides the larger
xygen vacancy (0.1072 nm)  which is close to the size of oxygen
acancy (0.1164 nm)  for doped ceria system in Ref. [6]. A more
areful treatment may  be needed to interpret the size of oxygen
acancy.
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